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Background
The Carbon Capture Simulation Initiative (CCSI) is a multi-laboratory simulation-driven effort to develop carbon capture technologies with the goal of accelerating commercialization and adoption in the near future. One of the key CCSI technical challenges is representing and quantifying the inherent uncertainty and risks associated with developing, testing, and deploying the technology in simulated and real operational settings. To address this challenge, the CCSI Element 7 team developed a holistic risk analysis and decision-making framework (shown below). One component of the risk analysis centers on the assessment of financial risks related to technology deployment and operations (Engel et al. 2012 ). Technical risk model captures risk factors such system efficiency, reliability, and safety. In addition, the CCSI technology readiness level (TRL) assessment instrument has been developed and is tailored specifically for the CCSI technical components to evaluate the gap between the current and desired degrees of technology maturity (Engel et al. 2012) . The TRL assessment results will provide input into both the technical risk and financial risk models. Another element in CCSI holistic risk analysis and decision-making framework is structured risk elicitation with subject matter experts (SMEs) to identify and incorporate additional risk factors beyond those represented in the risk models and TRLs. In this context, additional technical risk factors as well as non-technical risk factors such as economic, policy, and legal risks (Miller et al. 2011) are also taken into consideration to inform the development of a holistic CCSI risk assessment framework and a comprehensive risk mitigation strategy. The purpose of this report is to document this last prong of the risk assessment effort, structured systematic expert elicitation, to identify additional risk factors. To that end, we review the significance of and dominant approaches to expert elicitation, describe the CCSI risk elicitation plan and implementation strategies, and conclude by discussing the next steps and highlighting the contribution of risk elicitation toward the achievement of the overarching CCSI objectives. 
Expert Elicitation Background and Significance
Expert elicitation, especially probability elicitation, has been widely used in risk analysis, decision analysis, and performance assessment (Hora 2009; Cooke 1991; Stael von Holstein and Matheson 1979) . Experts' knowledge, experience, and insight is especially useful when the phenomenon of interest are poorly understood due to newness, rarity or complexity; or when "hard" data are limited or unavailable, data collection is expensive, or formal modeling is infeasible (Meyer and Booker 2001; Ayyub 2001) . The extant literature on expert elicitation focuses on three major topics. One topic centers on elicitation methods, especially in the context of probabilistic risk analysis and belief network modeling (Cooke and Goossens 2004; Cooke 1991; Stael von Holstein and Matheson 1979; Mosleh et al. 1988) . Qualitative elicitation approaches such as focus groups and scenario analysis can yield decision alternatives, risk rankings, and risk scenarios (e.g. Dalkey and Helmer 1963) while quantitative elicitation translates experts' opinions about uncertainty into probability distributions. Despite procedural variations (cf. Cooke 1991; Spetzler and Stael von Holstein 1975; DeWispelare et al. 1995; and Boring et al. 2005) , the probability elicitation process is typically conducted in five steps. First, a decision problem is defined. Next, in the preparation and setup stage, the elicitor identifies, recruits, motivates, and trains experts. Then, the elicitor structures, frames and presents the elicitation questions. The experts proceed to provide assessments, which will be carefully documented (Renooij 2001) . Lastly, if multiple experts are used, their input is aggregated behaviorally or mathematically (Clemen and Winkler 1999) . Some studies within this stream of research also investigate the effects of different methods of presenting elicitation questions on the elicitation outcomes. Common presentation methods include probability scales, gambling/betting, and the probability wheel (Ranooij 2001; Druzdzel and van der Gaag 1995) . Recent research applied preference methods such as the pairwise comparison approach used in marketing research to probability elicitation with considerable success (Walsh et al. 2010; Dalton et al. 2012 ). In probability elicitation, both predictive and structural elicitation questions are asked. Predictive questions ask experts to predict the value of the dependent variables given a series of independent variable values, while structural questions ask experts to provide assessments of the prior distribution and parameters (Kadane and Wolfson, 1998) .
Another focal point of the expert elicitation literature intersects with psychological research on heuristics and biases, and explores the effects of human cognitive patterns on elicitation. Heuristics refer to the effort-reduction methods employed by decision makers to alleviate judgmental burdens, and judgment biases refer to prejudicial mental behavior that undermines rational decision making (Arnott 1998; Shah and Oppenheimer, 2008; Simon 1990; Tversky and Kahneman 1974) . Prominent classes of heuristics include representativeness (assessments based on similarity between events), availability (assessments based on one's ability to recall past events), and adjustment and anchoring (assessments bounded by initial judgment) (Tversky and Kahneman 1974) . Remus and Kottemann (1986) grouped heuristics based on their relevance to data presentation and information processing (Remus and Kottemann 1986); Hogarth (1987) categorized heuristics based on the four stages in decision-making ranging from "acquisition, processing, output, to action" (Arnott 1998, p. 28; see Arnott 1998 for a comprehensive review). In probabilistic risk elicitation, the most widely observed effects of judgmental biases are systematic under-or over-estimation and overconfidence (Mosleh et al. 1988 ). Approaches to reducing systematic bias and overconfidence include calibration training (Lichtenstein et al. 1982 ) and the encouragement of considering both affirmative and contradicting evidence in experts' decision making (Spetzler and von Holstein 1975) . Moreover, improving the formulation of decision problems may prove useful for enhancing the quality of elicitation. For example, problem decomposition, the idea of breaking a decision problem into multiple smaller decision problems, allows experts to assess probabilities for each component of the decision question, which is then synthesized into an overall probability estimate. Additionally, transforming a probability elicitation question into a less statistically esoteric format, such as a betting game or pairwise comparison of decision options, may be more appropriate for experts with limited statistical knowledge.
Another key component in the research on expert elicitation documents techniques of aggregating input from multiple experts (Clemen and Winkler 1990; Winkler 1981) . Generally, combination can be implemented behaviorally and mathematically. In the absence of expert interaction, an opinion pool can help aggregate assessments. Elicitors can assign different weights to different experts, especially according to the accuracy of their assessments from training/calibration sessions. For a detailed discussion on mathematical combination methods, see Clemen and Winkler (1999) . If interaction is permitted among experts, the elicitor can distribute the assessments among the experts to achieve a group consensus. An example of this approach is the Delphi technique, which seeks to derive a consensus through iterative deliberation among all the experts. Note, however, the interactive group consensus method may be influenced by dominant personalities in the group. In terms of performance, some evidence suggests that mathematical aggregation outperforms behavioral aggregation ( Expert elicitation has been applied to a broad range of domains, ranging from environmental protection (Salvi and Gaston 2004) , infrastructure vulnerability (Vrijling et al. 2004) , accident consequence modeling (Cooke and Goossens 2000), nuclear waste regulations (DeWispelare et al. 1995) , medical diagnosis (Lau and Leung 1999) to carbon capture and storage technology (Chan et al. 2011) . Regardless of the variations in elicitation approaches and the application domains, for expert elicitation to maintain its scientific rigor as a consensus methodology, it is imperative that the elicitation methods, processes, and tools are transparent and free of biases; the selection of expertise is based on relevant expertise to ensure proper domain coverage while minimizing bias; and the analysis approach and elicitation results are repeatable (Cooke and Goossens 2000).
CCSI Element 7 Expert Elicitation Approach
The fundamental purpose of CCSI expert elicitation activities is to enable and facilitate the sharing of relevant, diverse, and highly specialized knowledge to collectively inform the risks associated with the development and deployment of carbon capture technologies. Engagement of the CCSI risk analysis team with experts for risk elicitation is critical. First, carbon capture technology is relatively new and highly complex with a host of potentially latent risk factors that might compromise the success of the technology if left unaddressed. Thus, leveraging the diverse expertise on the project team can help identity and address these latent risk factors in addition to the risks captured by the financial risk, technical risk, and technical maturity assessments. Furthermore, given the focus on simulation and modeling, some system features might not be modeled due to their fine granularity. These under-specified system characteristics might present potentially significant risks, thus demanding a finer-grained risk analysis of the modeling assumptions, parameters, operational risks, and those characteristics that cannot be captured by formal modeling but nonetheless have operational impact. Additionally, the engagement of experts and stakeholders through elicitation early in the technology development process provides an excellent opportunity for continuous and iterative risk communication to help them better understand and address risks as the technology development unfolds, resulting in greater risk reduction and technology acceptance by the stakeholders.
The CCSI Element 7 is developing an elicitation approach that combines both qualitative risk rankings and quantitative risk assessments to capture the under-specified and not-yet-modeled risk factors in carbon capture technologies. Figure 2 provides a step-by-step illustration of the elicitation activities.
Figure 2 CCSI Risk Factor Expert Elicitation Approach
The elicitation plan will build on the previous solid sorbent CO2 capture technology risk elicitation framework (see Appendix ). This framework identified five main risk drivers, including (1) knowledge maturity and development capacity, (2) uncertainties related to financial/regulatory/public opinion, (3) technical performance in testing and deployment, (4) costs and efficiency, and (5) compatibility between simulation tools and physical systems. An extensive list of potential risk factors (totaling 98) was organized into three major risk dimensions: technical risk, economic risk, and regulatory/public risk. Each risk category was further operationalized by multiple sub risk factor categories as shown in the following Using this risk factor list, the CCSI Element 7 team will organize a qualitative risk factor identification exercise with a panel of experts representing all the task teams within the initiative as well as from industry partners. This exercise will accomplish two objectives: (1) to eliminate irrelevant risk factors or risk categories; and (2) to incorporate relevant factors/risk categories that are missing from the list. With a streamlined list of potential risk factors, the experts will participate in a risk ranking elicitation where they will be asked to rank each risk factor on a numeric scale. The risk rankings will produce relevance weights for each risk factor, and help sharpen the focus of the follow-up elicitation effort. Once the priority risk factors are identified based on rankings, the elicitation team will develop contextualized risk statements for these factors and these statements will be pooled to produce a new CCSI risk factor expert elicitation instrument to be used in a systematic quantitative risk assessment. Risk is characterized by the severity of potentially adverse events and the likelihood of the occurrences of these events. To that end, we will distribute the instrument and ask expert respondents to provide a likelihood assessment and related magnitude assessment for each risk statement on a numerical scale (for an example instrument, see Hunton and Williams 2008). Mathematical aggregation algorithms will be employed to produce a combined probability distribution for each risk factor (Clemen and Winkler 1999). Next, the Element 7 team will create future risk scenarios using the identified risk factors to forecast failure rates over varying time horizons. For example, two programmatic performance criteria, a minimum 90% carbon capture efficiency rate; and a 30% cost increase ceiling for carbon capture technology in long-term operations, can be used in risk scenario development to compare the current and the desired level of technical capabilities. Again, experts will each provide a probabilistic risk forecast for these scenarios and their input will be aggregated. The resulting probability distributions from the scenarios as well as from the elicitation questionnaire will be integrated into the overall risk analysis framework to improve the quality of the risk assessment of carbon capture technology as a whole. A final step in this risk assessment effort requires the development of a targeted risk mitigation strategic plan to address the risks and reduce their adverse effects on CCSI program outcomes. It is important to note that the CCSI expert elicitation effort will be iterative in nature, and will closely follow the progress in carbon capture technology simulation and testing.
Status Report and Next Steps
The success of expert elicitation critically depends on the active collaboration across CCSI task teams and the support from the external stakeholders. To enhance the collaboration within CCSI for the expert elicitation, effort is under way to engage scientists from other Element teams to help modify and refine the technology maturity levels (TRL) questionnaire. The CCSI E7 Team has created a wiki-based elicitation and model development tool to enable novel, probabilistic technology maturity assessment by CCSI project teams (E1, E2, E3, and E97) as well as external experts. This collaborative effort will pave the way for more elaborate and involved elicitation activities described in this report. 
